Whole-cell patch-clamp techniques and fluorescence measurements of intracellular Ca2" concentration, (Ca2+)i, were used to investigate the mechanism oftaurodeoxycholate (TDC) stimulation of Cl-secretion in the T84 colonic cell line. During perforated whole-cell recordings, the cell membrane voltage was alternately clamped to EK and Ea. Initially, TDC (0.75 mM) stimulated inward nonselective cation currents that were composed of discrete large conductance single-channel events. This initial response was followed by activation of K+ and C0-currents with peak values of385±41 pA and 98±28 pA, respectively (n = 12). The K+ and Cl-currents oscillated while TDC was present and returned to baseline levels upon its removal. The threshold for activation of the oscillatory currents was 0.1 mM TDC. Taurocholate TDC-induced (Ca2")i oscillations were observed in the absence of bath Ca2"; however, removal of bath Ca2" during the TDC response caused (Ca2+); to return to near baseline values. Simultaneous K+ current and (Ca2+)i measurements confirmed that the initial nonselective cation current was independent of (Ca2`)j, while K+ current oscillations were in phase with the (Ca2+)i oscillations. TDC induced inositol monophosphate (IP) accumulation, reflecting production of inositol 1,4,5-trisphosphate (IP3) during TDC stimulation. The response to TDC during standard whole-cell patch-clamp was similar to that observed with perforated whole-cell recordings, except the nonselective cation current was prolonged. When heparin (1 mg/ml) was added to the pipette under these conditions, the Ca2-activated currents were inhibited, but the nonselective cat- Clin. Invest. 1993. 92:2173-2181
composed of discrete large conductance single-channel events. This initial response was followed by activation of K+ and C0-currents with peak values of385±41 pA and 98±28 pA, respectively (n = 12). The K+ and Cl-currents oscillated while TDC was present and returned to baseline levels upon its removal. The threshold for activation of the oscillatory currents was 0.1 mM TDC. Taurocholate, a bile acid that does not stimulate colonic Cl-secretion, induced no current response. The TDCinduced currents could be activated in Ca2"-free bathing solu TDC-induced (Ca2")i oscillations were observed in the absence of bath Ca2"; however, removal of bath Ca2" during the TDC response caused (Ca2+); to return to near baseline values. Simultaneous K+ current and (Ca2+)i measurements confirmed that the initial nonselective cation current was independent of (Ca2`)j, while K+ current oscillations were in phase with the (Ca2+)i oscillations. TDC induced inositol monophosphate (IP) accumulation, reflecting production of inositol 1,4,5-trisphosphate (IP3) during TDC stimulation. The response to TDC during standard whole-cell patch-clamp was similar to that observed with perforated whole-cell recordings, except the nonselective cation current was prolonged. When heparin (1 mg/ml) was added to the pipette under these conditions, the Ca2-activated currents were inhibited, but the nonselective cat-
Introduction
Under normal conditions, more than 95% of the bile acids secreted by the liver into the intestine are actively reabsorbed in the distal ileum via a Na+-dependent co-transporter. However, in certain pathological conditions including intractable diarrhea in infancy, irritable bowel syndrome, Crohn's disease, cystic fibrosis, and surgical ileal resection, active bile acid absorption is compromised (1) . Bile acids malabsorbed by the small intestine are transferred to the colon where they stimulate secretion of electrolytes and water that results in diarrhea (2) (3) (4) (5) . Similarly, while bile acids are administered orally to treat various hepatic diseases (6) (7) (8) and to dissolve gallstones (9) , one of the side effects of this treatment is diarrhea (7) (8) (9) .
Dihydroxy bile acids are known to stimulate intestinal Cl secretion (2) (3) (4) (5) (10) (11) (12) , but the mechanism is not fully resolved. It has been argued that bile acids induce secretion because of epithelial cell damage that increases Cl-permeability ( 13 ) . Bile acids have also been proposed to stimulate secretion via a cAMP-mediated pathway (2, 4, 14) ; however, they have not been found to stimulate adenylate cyclase activity in human colon ( 15) . Since bile acids can act as Ca2+ ionophores in phospholipid membranes ( 16, 17) and in intestinal membrane vesicles ( 18, 19) , it has also been proposed that they induce Clsecretion by a Ca2+-mediated pathway (20, 21 ) . Furthermore, bile acid-induced intestinal secretion can occur in the absence ofbath Ca2+ ( 3, 4, 10) , but is blocked by the calmodulin antagonist, trifluoperazine (3), suggesting the possible involvement of Ca2+ from intracellular stores.
We used perforated and standard whole-cell patch-clamp techniques, and the intracellular Ca2+ indicator fura-2 to investigate the mechanism of TDC' stimulation of ionic conductances in the human colonic cell line, T84. We found that TDC stimulates K+, Cl-, and nonselective cation currents. The K+ and Cl-currents oscillate in phase with oscillations of (Ca2+ )i and are activated by Ca 2+ release from cellular stores, while the nonselective cation conductance appears to result from a direct effect ofTDC on the plasma membrane. In addition, the TDCinduced oscillations of(Ca2+)i result from breakdown ofphosphatidylinositol 4,5-bisphosphate (PIP2). Our findings suggest that TDC stimulates Cl-secretion by activating K+ and Clconductances via an IP3-mediated release of Ca2+ from intracellular stores.
Methods
Cell culture. T84 cells were grown in Dulbecco's modified Eagle's medium (DME) and Ham's F-12 ( 1:1 ) supplemented with 20 mM Hepes, 10 mM glucose, and 5% newborn calf serum in a humidified atmosphere of 95% 02/5% CO2 at 370C. Experiments were performed on single, isolated cells plated onto No. 1 glass coverslips the previous day.
Solutions. The standard bath solution contained (mM): 145 NaCl, 5 KCI, 1 CaCI2, 1 MgCI2, 10 glucose, and 10 Hepes. Sodium-free solutions contained either N-methyl-o-glucamine (NMDG+) or choline, as noted. During K+-free experiments, K+ was replaced by Na' and 140 meq Cl-by gluconate. The Ca2+-free bath contained no added Ca2' and 1 mM EGTA. For perforated whole-cell recordings, the pipette solution contained (mM): 60 K2SO4, 40 KCl, 5 NaCl, 1 CaCI2, 1 MgCI2, and 10 Hepes. During standard whole-cell recordings, the pipette solution contained (mM): 130 KCl, 5 NaCl, 4 MgCl2, 0.12 CaC12, 10 Hepes, 2 ATP, 0.5 GTP, and 0.2 EGTA. The calculated free Ca21 concentration was 100 nM. In K+-free pipette solutions, K+ was replaced by Na+. All solutions were adjusted to a pH of 7.4 with NaOH. All measurements were made at room temperature (22-25°C) .
Whole-cell current recordings. Currents were recorded during voltage-clamp using either the standard whole-cell configuration (22) or the perforated whole-cell patch-clamp technique (23) . For the perforated patch technique, pipettes were fabricated as described previously (24, 25) , and were filled completely with nystatin-containing solution.
Currents were recorded as previously described (24, 25 ) . With nystatin in the pipette, current recordings were not begun until the access resistance (Ra) ofthe patch had decreased to below 20 Mo. The average Ra for all patches in this study was 1 1.8±0.3 MO, while the simultaneously determined membrane capacitance averaged 17.4±1.3 pF (n = 113). These values are similar to our previously reported values for T84 cells (24) . The plasma membrane was alternately voltage-clamped between the K+ equilibrium potential (EK = -88 mV for perforated recordings and -83 mV for standard recordings) and the C1-equilibrium potential (Ec, = -29 mV for perforated recordings and -2 mV for standard recordings). For experiments performed in the absence of pipette K+, the membrane was alternately clamped between the Na+ equilibrium potential (ENa = + 3 mV) and Ea = + 60 mV.
Intracellular calcium measurements. Cells were loaded at room temperature with fura-2/AM (4 ztM) using one oftwo protocols (a) 20 min in a Ca2`-free bathing solution, followed by 1 h postincubation in normal growth media (26) ; or (b) 1 h in a 1:1 mixture of normal growth media: standard bathing solution (27) . Similar results were obtained using either protocol.
Coverslips containing the fura-2 loaded cells were affixed to the bottom of a Plexiglas chamber that was mounted on the stage of an inverted microscope (Nikon, Diaphot, or Zeiss, equipped for epifluorescence using a 40X oil-immersion lens with a 1.3 numerical aperture (Nikon, CF Fluor). Fura-2 fluorescence was detected using either a photomultiplier tube based system (26) or a video based system (27) , as previously described. In either case, a whole-cell average value was determined. Simultaneousfura-2 andperforated whole-cell patch-clamp recording. The ratioed average fura-2 fluorescence and whole-cell current from a cell chosen for simultaneous recordings were digitized by a Pulse code modulator (model 200-T; A. R. Vetter Co., Rebersburg, PA) and recorded onto two channels of a VCR tape as previously described (27 following day, this medium was aspirated and the cells were washed three times using the standard bath solution. Cells were then bathed for 5 min before stimulation in the standard bath, to which 10 mM LiCl was added to reduce IP degradation. Cells were then stimulated at room temperature with either TDC (0.75 mM) or carbachol (100 AM) for 15 or 30 min in the continued presence of 10 mM LiCI. Stimulation was terminated by aspirating the stimulatory solution and adding 1 ml of boiling water. The cells were then scraped from the plastic dishes, transferred to tubes, and immersed in a boiling water bath for 5 min. After centrifugation, the supernatant was filtered and inositol phosphates were separated by HPLC (series 410; The Perkin-Elmer Corp., Norwalk, CT) using a 250 X 10 mm SAX column (partisil; Whatman Inc., Clifton, NJ) with the following elution profile: 5 min elution with water, 1 min linear gradient to 10 mM ammonium formate, 20 min isocratic elution at 10 mM ammonium formate, and 20 min elution with 1 M ammonium formate.
Taurodeoxycholate and taurocholate were obtained from Sigma Chemical Co. Data analysis. Statistical analysis was performed using t-tests and analysis of variance. In all cases, a value of P < 0.05 was considered statistically significant. The data are presented as mean±SE. References 19, 20) . TDC stimulated outward and inward oscillatory currents that returned to baseline when TDC was removed. The currents recorded from different cells varied in the periodicity and duration of oscillations (compare Fig. 1, A and B). The outward current, recorded at E,,, is due to the flow of K+ from cell-to-bath. The inward current, recorded at EK, could be due to either Cl-exit from the cell or Na+ entry from the bath (see below). These responses were typical of 10 additional cells. The peak outward and inward currents for these 12 cells averaged 385±41 and 98±28 pA, respectively. In four additional cells, oscillatory current responses were not seen, but smaller inward currents were present (see below). The threshold concentration of TDC required to induce the oscillatory current responses was 0.1 mM, with average peak outward and inward currents of 164±48 and 35±18 pA, respectively (n = 10). In 10 patches, 0.03 mM TDC had no effect on transmembrane currents.
Before stimulating these large inward-and outward-current transients, TDC elicited a smaller inward current. Fig. 1 C shows expanded views of the control and TDC-induced currents at EK and Ec, at times labeled i, ii, and iii in Fig. 1 B. As can be seen in Fig. 1 Cii, TDC activated early, distinct inwardcurrent bursts. In some experiments this current could be resolved into discrete channel events, as shown in Fig. 1 D. These initial inward-current events were not observed at low concentrations of TDC (0.03 mM), but were seen in 100% of patches stimulated with TDC concentrations greater than 0.1 mM (n = 37 Dihydroxy bile acids like TDC, when present in the colonic lumen, cause water and electrolyte secretion; however, similar concentrations of trihydroxy bile acids do not have this effect (5) . TDC is produced via the dehydroxylation of the trihydroxy bile acid, taurocholate. Therefore, we examined the effect oftaurocholate on membrane currents in T84 cells, since a response to this compound would suggest a nonspecific detergent effect. Fig. 2 shows currents recorded from a cell that was stimulated with taurocholate (0.75 mM) and then with TDC (0.75 mM). Taurocholate did not induce currents, but exposure ofthe same cell to TDC induced current oscillations. This result was typical of seven additional cells.
Ion replacement experiments. Bile acids are absorbed in the distal ileum via a Na'-dependent cotransporter. To determine whether Na'-dependent TDC entry into T84 cells was responsible for current activation, Na' in the bath solution was replaced with NMDG' before TDC exposure. Fig. 3 shows a typical result. TDC stimulated the large inward and outward current oscillations (Fig. 3 A) , but in the absence of bath Na' the initial inward current response to TDC was not observed (Fig. 3 B) . This suggests that activation ofa nonselective cation conductance is responsible for the early inward current (see Discussion). The peak outward (428±98 pA) and inward (83±30 pA) currents were not different from those recorded with Na' in the bath (n = 5). These findings also reveal the ionic basis of the TDC-induced oscillating inward current. In the absence of bath Na+, the inward current recorded at EK must be due to the flow ofCl-from the cell to the bath. Therefore, TDC elicits increases in both K+ and Cl-conductances in these cells.
In separate experiments, bath Na+ was replaced with choline rather than NMDG+. Unexpectedly, this eliminated the TDC-induced currents (Fig. 4) . Subsequent reintroduction of bath Na+ stimulated outward K+ (334±74 pA) and inward Cl (1 14±48 pA) currents that were not different from control (n = 6). This does not reflect a requirement for bath Na+, since replacing Na+ with NMDG+ did not inhibit the current responses (see above). Choline is an amphiphilic molecule and is the primary constituent of lecithin. Lecithin forms mixed micelles with TDC and other bile acids, and has been shown to (20, 21 ). To examine this possibility, we determined the effect of bath Ca2+ removal on the TDC-induced currents. A typical result is shown in Fig. 5 A. Bath Ca2+ was removed -45 s before stimulation with TDC (0.75 mM). Taurodeoxycholate induced inward-and outward-current oscillations similar to those seen in the presence of bath Ca2 . The initial peak outward K+ current averaged 401±77 pA, and the initial peak inward Cl-current averaged 79±14 pA (n = 9). These currents were not significantly different from those measured in the presence of bath Ca2 , suggesting that TDC is not acting as a Ca2+ ionophore.
We assessed the possibility that TDC induced a release of Fig. 6 . In both cases, TDC caused an initial rise in (Ca2+ )i, followed either by oscillations (Fig. 6 A) or a sustained, elevated plateau (Fig. 6   B) . In either case, removal of TDC caused (Ca2+)i to return rapidly to baseline levels. In 15 cells, 0.75 mM TDC induced an average peak (Ca2+)i rise of 575±70 nM; the peak (Ca2+)i observed with 0.5 mM TDC was not different (548±70 nM, n = 18). rere exposed to a zero Ca2" bath 30-45 s before cence ratios were determined, but (Ca2+)i was not calculated.
n of 0.75 mM TDC. In these experiments, fluoresUnder these conditions, TDC induced an initial (Ca2+ )i rise, followed by a series of oscillations that returned to baseline upon TDC removal (data not shown; however, see Fig. 8 ). The increase in fluorescence ratio averaged 2.4±0.1-fold (n = 20), a value not significantly different from the 2.5±0.2-fold increase seen in the presence of bath Ca2" (n = 18).
To determine the requirement for bath Ca2' during the TDC response, cells were stimulated with TDC (0.75 mM) and bath Ca2+ was removed after the response had peaked (Fig. 7) . (30) . Therefore, we assessed the role of IP3 in (Ca2+ )i release using heparin, a blocker of IP3 receptors (31 ) .
Heparin was introduced into T84 cells using the open-cell patch-clamp technique, which permits substances contained within the patch pipette to enter the cell interior. Before assessing the effects of the IP3 receptor antagonist, control experiments were performed to determine the effects of TDC in this recording mode, inasmuch as all other records were obtained under perforated whole-cell conditions. With the standard Figure 9 . Agonist-stimulated IP formation in T84 cells. Taurodeoxycholate (TDC; 0.75 mM) stimulated a significant increase in IP formation (* P < 0.05, n = 4) compared to control (n = 4). Stimulation with carbachol (CCh; 100 M) induced a rise in IP which was significantly greater than both control and TDC-stimulated levels (** P < 0.01, n = 3).
whole-cell technique, TDC reversibly stimulated an outward K+ current during voltage clamp to E. and an inward current during voltage clamp to EK. These effects were similar to those obtained with perforated whole-cell recordings, except that the inward currents were larger than found previously. The results of ion-replacement studies (not shown) indicate that this was due primarily to the activation of a larger nonselective cation current. Therefore, we focused our attention on the TDC-stimulated K+ current recorded at Ea (O mV) where nonselective cation currents would be small. The source ofthis larger nonselective cation current in the open-cell mode is unknown, but differences in agonist-induced currents have been observed previously when open-cell and perforated recording techniques were compared (24, 32) .
When present in the pipette solution, heparin (1 mg/ml) abolished or reduced the TDC-stimulated K+ current. 11 of 18 cells studied with pipette heparin showed no detectable response to TDC. In seven other cells, the responses were significantly smaller than those observed under control conditions (Table I) . Heparin also reduced the TDC-stimulated inward current. Inasmuch as both the K+ and Cl-currents are Ca2+ dependent, we anticipate that heparin reduces these currents by blocking IP3 receptors.
Discussion
The dihydroxy bile acid, taurodeoxycholate (TDC), activates K+ and Cl-conductances in T84 intestinal secretory cells. In Table I . Effect ofHeparin on TDC-stimulated Outward K' Current (I) in T84 Cells addition, a nonselective cation conductance was activated early in the response to TDC.
Ca2"-insensitive nonselective cation conductance. A Ca>-insensitive nonselective cation conductance was seen in the initial inward-current responses to TDC and could be resolved into discrete single-channel events (Fig. 1 D) . It is not likely that these channels are activated by increased cell Ca2" since their activity could be elicited by TDC after BAPTA loading (Fig. 5 B) . The same conditions abolished the K+ and Clcurrents stimulated by TDC (see below). In addition, the nonselective cation conductance was activated by TDC in the absence of any change in (Ca2+)i during simultaneous patchclamp and (Ca2+)i measurements (Fig. 8) . Two experiments
showed that the inward current through this conductance pathway was carried by Na'. First, removal of Na' from the bath abolished the early inward current response to TDC during perforated patch recording (Fig. 3) 24, 33, 34) than that found here. Alternately, TDC itself may conduct cation currents in a nonselective manner. Bile acids have been reported to act as channels that conduct mono-and divalent cations ( 16, 17) .
Ca"2-sensitive K+ and Cl-conductances. Our initial observation that membrane currents oscillate during TDC exposure ( Fig. 1) suggested that the effects of TDC may be Ca 2+-mediated, since agonist-induced (Ca2+ )i oscillations occur in these cells in response to cholinergic stimulation (26) . The TDC-activated K+ and CP-conductances are Ca 2+-sensitive since loading ofthe cells with BAPTA blocks the TDC-induced oscillating currents (Fig. 5 B) . This finding is similar to the block of muscarinic agonist-activated K+ current oscillations we observed in T84 cells when the whole-cell pipettes contained EGTA (25) . In support ofthis idea, we observed (Ca2+ )i oscillations during TDC exposure (Fig. 6 ), and simultaneous current and (Ca2+)i measurements showed that the K+ currents oscillate in phase with (Ca2+)i (Fig. 8) .
A Ca2+-sensitive K + conductance pathway has been identified previously in isolated T84 cells (25) . Recent measurements of membrane potential and current in isolated rat (35) and guinea pig crypts (36) have shown that the rise in (Ca2+ )i stimulated by muscarinic agonists can activate a basolateral membrane K+ conductance. Evidence of a role for Ca2+ in the response to TDC is also provided by findings from intact rabbit colon, where bile acid-stimulated K+ secretion, which apparently involves an apical membrane K+ conductance, was blocked by the calmodulin antagonist, trifluoperazine (3) . A Ca2+-sensitive Cl-conductance has also been recorded from T84 cells (33, 37) .
Role ofbath Ca2`in bile acid-induced Cl-secretion. TDC induces a release of Ca2+ from intracellular stores, and the resuiting rise in (Ca2+)i activates both K+ and Cl-conductances. Furthermore, both the TDC-induced increase in (Ca2+)i and activation of ionic conductances can occur independently of bath Ca2+ (Fig. 5 A and 8) . Our findings are consistent with previous data showing that bile acid-induced secretion in the colon (3, 4) and jejunum ( 10) does not require bath Ca2+ . Bile acids have also been shown to stimulate a rise in (Ca2+ )i, which paralleled Cl-secretion in T84 monolayers ( 11) . These authors reported an average change in (Ca2+)i of only 25 nM during TDC (0.5 mM) stimulation. In the absence of bath Ca2+ the TDC-induced short circuit current (ISC), was reduced, but under these conditions, Dharmsathaphorn et al. ( 11 ) were unable to detect any (Ca2+)i change. However, the (Ca2+)1 chelator 1,2-bis-5-methyl-amino-phenoxylethane-NNN'-tetraacetoxymethyl acetate (MAPTAM) inhibited both the increase in (Ca2+ )i and I.C ( 11) , suggesting that the change in (Ca2+)i may have been beyond the limits ofdetection in the absence of bath Ca2+.
We found that removal of bath Ca2+ during the TDC response causes (Ca2+)i to return to near baseline levels (Fig. 7) .
Thus, while bath Ca2+ is not required to initiate the response to TDC, it clearly plays a role in maintaining an elevated (Ca2+)V. The mechanism that underlies this requirement for bath Ca2+ after initiation of the response to TDC is unknown. Since bile acids can act as Ca2+ ionophores in cell membranes ( 18, 19) and phospholipid membrane vesicles ( 16, 17) (27) .
Mechanism ofthe bile acid-induced rise in (Ca2+)i. Measurement ofIP, a breakdown product ofIP3, demonstrated that the TDC-stimulated Ca2' rise is accompanied by mobilization of IP3 (Fig. 9 ). These data are consistent with reports of increased IP3 production in isolated colonic crypts during bile acid stimulation (29) . Bile acids have also been shown to increase IP3 production in guinea pig hepatocytes (30) . We found that heparin, a known blocker of IP3 receptors (31), blocked the TDC-induced membrane currents (Table I) . Thus, in T84 cells TDC induces the release ofCa2+ from intracellular stores via an IP3-dependent mechanism. In keeping with this conclusion, recent experiments in hepatocytes show that bile acids mobilize Ca2+ from the same intracellular pool that releases Ca2' during an increase in intracellular IP3 production (38) (39) (40) . The mechanism by which bile acids stimulate polyphosphoinositide turnover is unclear. Bile acids may directly activate phospholipase C (PLC) since they have been shown to stimulate a twofold increase in IP3 accumulation, and a reciprocal fall in PIP2 in isolated colonic crypts of rats (29) . Alternately, it has been suggested that PLC may not have access to all polyphosphoinositides in the cell membrane, and that membrane disruption or reorganization promoted by bile acids may make polyphosphoinositides available for degradation by PLC (41 ) . Finally, it is possible that TDC activates a G-protein which acts on PLC so that IP3 is generated in a manner analogous to receptor-mediated mechanisms. Additional experiments are needed to differentiate among these possibilities.
We do not know the mechanisms responsible for Ca2" oscillations during exposure of these cells to TDC. As in other systems, these oscillations may represent a balance between agonist-induced intracellular Ca2" release and the uptake and efflux mechanisms which attempt to maintain a low (Ca2+)i.
Muscarinic agonists also evoke Ca2" oscillations in these cells (26) .
Bile acids as detergents. Bile acids are well known anionic detergents and are used in purification and reconstitution of membrane proteins. It has been suggested that this detergent action is responsible for the increased intestinal mucosal permeability associated with the secretory effect of bile acid stimulation (.13, 42) . However, there are several reasons why these detergent effects are not likely to be involved in the activation of specific ionic conductances observed in the current study. First, taurocholate (a nonsecretory bile acid) is also an anionic detergent, but it does not activate ionic conductances in T84 cells. Second, the cells continued to respond to TDC in the absence ofbath Ca2 , which would not be likely if a detergentinduced leak pathway for Ca2+ was responsible for the secretory effects ofTDC. Third, bile acid exposure does not cause an increase in (Ca2+)i in some cell types, e.g., platelets or neuroblastoma cells (43) , whereas increased (Ca2+)i would be expected in all cells if the effects were nonspecific. Fourth, there was no detectable leak of fura-2 from the cells during the Ca2" measurements.
A modelfor secretion. Several pathological conditions result in a compromised ileal bile acid reabsorption ( 1). This results in an increased movement of bile acids into the colon where they stimulate fluid and electrolyte secretion, resulting in diarrhea (2) (3) (4) (5) . Bile acids require two hydroxyl groups in the a configuration at the 3,7 position, 3,12 position, or 7,12 position ofthe steroid ring to induce secretion in the intestine ( 13) . We have used the colonic cell line, T84, to assess the cellular mechanism whereby bile acids induce Cl-secretion. Our observations demonstrate that the dihydroxy bile acid TDC (3a-OH, 12a-OH) stimulates the release ofCa2+ from intracellular stores, with the subsequent activation of plasma membrane ionic conductances, while the trihydroxy bile acid TC (3a-OH, 7a-OH, 1 2a-OH) does not (Fig. 2) . These results are consistent with the more general observation that dihydroxy bile acids stimulate fluid and electrolyte secretion in humans while trihydroxy bile acids do not (5) , although a complete characterization of the structure-function relationship was not attempted in this cell line.
The C1-secretory process involves the coordinated activity of several ion-transport mechanisms, including the Na+:K+ ATPase, Na+ :K+ :2C1-cotransporter and K+ channels located at the basolateral membrane, as well as apical membrane Clchannels. Dharmsathaphorn and his colleagues ( 11) have proposed that Ca2 -mediated agonists induce secretion, at least in part, by activating the basolateral membrane K+ conductance. Activation of this K+ conductance would hyperpolarize the cell membranes, thereby increasing the electrochemical driving force for Cl-exit across the apical membrane. We found that free bile acids stimulate IP3 production, Ca2+ release from intracellular stores, and activation ofplasma membrane conductances for both K+ and Cl-. These findings indicate that bile acid-induced colonic Cl-secretion utilizes both signal transduction mechanisms and ion channels that are utilized by other Ca2+-mediated agonists.
